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Aggregates of singly protonated peptides formed with a nanoelectrospray ion source have
been observed in the gas phase using Fourier transform ion cyclotron resonance (FT-ICR).
Employment of “soft” ion sampling conditions in the source, which were developed previ-
ously to generate water clusters of biomolecules, provides significant yields of aggregates of
singly protonated GGDPG ([2GGDPG 1 2H]21), GGEPG ([2GGEPG 1 2H]21), and VEPIPY
(2VEPIPY 1 2H]21). With peptide mixtures, heteroaggregates, e.g., [GGDPG 1 GGEPG 1
2H]21 have also been observed along with the homoaggregates. These weakly bound
noncovalent complexes undergo facile exothermic dissociation into the corresponding singly
protonated monomer species with normal operation of the electrospray ion source. For
example, the aggregates were not observed in FT-ICR experiments utilizing a conventional
electrospray ionization (ESI) or fast atom bombardment source or with a quadrupolar ion trap
mass spectrometer equipped with a conventional ESI source. The formation and metastability
of these aggregates are dependent on highly specific intermolecular hydrogen bonding
between the monomers. The amino acid sequence (DPG) of GGDPG mimics the well-known
b reverse turn of proteins and semiempirical calculations show that it provides excellent
hydrogen bonding sites for a protonated N-terminus amino group. Support for this conjecture
is provided by the failure to observe aggregate formation of singly protonated peptides with
several larger peptides, including hexaglycine and hexaalanine. (J Am Soc Mass Spectrom
1999, 10, 347–351) © 1999 American Society for Mass Spectrometry
Mass spectrometry has evolved into a powerfultool for analyzing biomolecules with a seriesof inventions of “soft” ionization methods
such as fast atom bombardment (FAB) [1], matrix-
assisted laser desorption/ionization (MALDI) [2], and
electrospray ionization (ESI) [3]. With these ionization
methods, which are capable of introducing intact mol-
ecules as large as several megadaltons of mass into the
gas phase, the detection, analysis, and sequencing of
biopolymers by mass spectrometric methods have re-
cently attracted much attention. For example, signifi-
cant research efforts have been focused to obtain pri-
mary structural information of biopolymers with
various mass spectrometric techniques, including colli-
sion-induced dissociation (CID) [4], surface-induced
dissociation (SID) [5], and infrared multiphoton disso-
ciation, either by a CO2 laser [6] or by blackbody
radiation [7, 8]. Hydrogen/deuterium (H/D) exchange
reactions have also been used to infer peptide confor-
mations in the gas phase [9] with the determination of
the number of active hydrogens [10]. Unambiguous
assignment of the charge states of biomolecular ions is
a prerequisite for proper interpretation and analysis of
these experiments.
One of the distinguishing characteristics of ESI is its
ability to produce highly charged ions of biomolecules.
This allows detection of large molecules in relatively
modest mass-to-charge ratio range. The technique is
also capable of introducing noncovalent complexes into
the gas phase [11]. Formation of such weakly bound
complexes is observed to be sensitive to ion sampling
conditions used with electrospray sources. For example,
the voltage difference between desolvation capillary
and skimmer often needs to be reduced to observe the
intact complex. Using electrospray ion mobility tech-
niques coupled with time-of-flight (TOF) mass spec-
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trometry, Clemmer and co-workers have observed mul-
tiply charged aggregates of singly charged peptides
[12]. Similar aggregation has also been reported by Fenn
and co-workers [13]. They observed small cluster peaks
halfway between the major solvent cluster peaks indi-
cating the presence of doubly charged dimers. The
existence of these aggregates is easily concealed in low
resolution mass spectra as a singly charged monomer.
These aggregates had apparently never been noticed in
ESI mass spectra, and they could be problematic in
experiments such as an examination of fragmentation
processes and kinetic studies of H/D exchange reac-
tions, in which it is assumed that only singly charged
monomers are present.
In this study, we report mass spectrometric evidence
for the formation of aggregates of singly charged pep-
tides. FT-ICR detection easily reveals the presence of
multiply charged aggregates in the resolved isotope
envelope. For these exploratory studies we have used
several small peptides for investigation, including
GGDPG, GGEPG, hexaglycine (Gly6), hexaalanine
(Ala6), and VEPIPY. These are the peptides that either
we have used previously as a model system to study
specific fragmentations at acidic residues [14] or were
known to form aggregates [12].
Experimental
Experiments were performed in an external ion source
7 tesla FT-ICR mass spectrometer that has been de-
scribed in detail elsewhere [15]. Briefly, the instrument
is equipped with a rf-only octopole ion guide to transfer
ions from the atmospheric pressure source into the ICR
cell. An electromechanical shutter is located between
the ESI source and the octopole to maintain pressures
below 1029 torr at the ICR cell. The shutter was opened
for 2 s to allow ions continuously being generated by
the ESI source to enter the octopole ion guide. The rf
field of the octopole was turned on only during this
period of time. Argon collision gas is introduced into
the octopole guide and the cell through a pulsed valve
(VAC-1250PSIA, General Valve, Fairfield, NJ) three
times (t 5 10, 5, and 2 ms at 0, 1, and 2 s, respectively,
after the shutter opens) to maintain the pressure around
1025 torr during ion accumulation. This is to moderate
the ion kinetic energy and facilitate ion trapping. For
production of the weakly bound noncovalent com-
plexes a modified version of a commercially available
electrospray ion source (Analytica of Branford, Bran-
ford, CT) was employed, which was previously used to
produce and study solvated biomolecules [16]. The ion
sampling conditions minimize collisional heating of
ions in the high pressure region of ESI source with the
use of a virtually flat potential surface between the
capillary and first skimmer electrode. The utilization of
such soft sampling conditions protects fragile solvent
clusters of biomolecules against complete desolvation
from collisional heating. The slow evaporation of sol-
vent from ions inside the ICR cell provides exception-
ally gentle desorption of ions into the gas phase, allow-
ing observation of weakly bound noncovalent
complexes. For the purpose of comparison we have
taken mass spectra with the same electrospray solutions
using FT-ICR with conventional electrospray and a
quadrupole ion trap mass spectrometer (LCQ, Finnigan,
San Jose, CA) with a conventional electrospray source.
All peptides, except GGDPG and GGEPG, were
purchased from Sigma Chemical Company (St. Louis,
MO) and used without further purification. GGDPG
and GGEPG were synthesized by the Biopolymer Syn-
thesis Facility in the Beckman Institute at the California
Institute of Technology. Electrospray solutions were
prepared by dissolving peptides in methanol/water/
acetic acid (50/50/1) solution at concentration of 100
pmol/mL.
Results and Discussion
Figure 1 shows mass spectra of GGDPG obtained from
various instruments. The spectra measured in a quadru-
polar ion trap equipped with an ESI source (Figure 1a),
FT-ICR with FAB source (Figure 1b), and FT-ICR with
normal ESI source (Figure 1c) have no indications of
aggregate formation. The presence of aggregates would
be indicated by the 13C isotope distribution. For exam-
ple, [2GGDPG 1 2H]21 will have a 13C isotope peak at
0.5 m/z higher than the monoisotropic peak. In a
previous study from our laboratory [16], we have
shown that it is possible to generate water clusters upon
adaptation of “soft” sampling conditions which employ
lower flow rates of ESI solution (;20 mL/h) and ion
lens potentials such that ions experience less energetic
collisions with neutral gases in the high pressure region
of the source. The mass spectrum obtained with sam-
pling conditions similar to the “cluster” conditions
clearly displays evidence for the formation of the ag-
gregates of singly protonated monomers, indicated by
the presence of the 13C isotope peak 0.5 m/z higher than
the monoisotropic peak (Figure 4d). The homoaggre-
gates formed by two singly protonated GGDPG mole-
cules undergo facile dissociation upon use of higher
collision gas pressure or increasing the temperature of
the mass spectrometer. We have seen no aggregates at
temperatures above 100 °C. Mass spectra of GGEPG
exhibit similar aggregates. Upon mixing solutions of
GGDPG and GGEPG, the mass spectrum shows a
strong peak corresponding to the mixed aggregate (or
heteroaggregate) of singly protonated GGDPG and
GGEPG as well as the homoaggregates of GGDPG and
GGEPG.
The possibility of aggregate formation was also ex-
plored for hexaglycine and hexaalanine. We observed
no evidence of aggregate formation for these peptides.
This contrasts with the results of Clemmer and co-
workers who observed the aggregates of polyalanine
[12]. It is notable, however, that the polyalanines they
used were larger (10-mer and higher) than ours. More
extensive hydrogen bonding in the larger peptides may
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facilitate the formation of aggregates. In addition, the
increased charge separation possible in the larger pep-
tides reduces coulomb repulsion and favors aggregate
formation.
Figure 2 shows mass spectra of the mixtures of
GGDPG–GGEPG–Gly6 and GGDPG–GGEPG–Ala6.
Again GGDPG and GGEPG make hetero- and homoag-
gregates, whereas Gly6 and Ala6 make heteroaggregates
with GGDPG and GGEPG. No homoaggregates of Gly6
and Ala6 are observed with these mixtures.
We note the DPG sequence leads to the b-reverse
turn in protein structures [17]. The presence of Pro in
combination with Asp and Gly in the sequence allows
the peptide chain to take up an unusual conformation in
which the carboxylic group of aspartic acid and car-
bonyl oxygens in the peptide bonds provide good
hydrogen bonding sites to the protonated amino groups
of the other singly protonated GGDPG. Structure 1
shows a structure optimized with PM3 calculations [18].
The presence of proline distorts the conformation of the
peptide so the carbonyl oxygens form a “pocket” for the
protonated amino group. Similar calculations show that
[2GGEPG 1 2H]21 and [GGDPG 1 GGEPG 1 2H]21
have stable complexes similar to structure 1.
PM3 semiempirical calculations have been per-
formed to address dissociation energetics of [2GG-
DPG 1 2H]21 (Figure 3). The energy barrier shown in
Figure 3 is estimated by single point energy calculation
on a “frozen” structure of monomer taken from the
optimized structure (structure 1) of [2GGDPG 1 2H]21.
The structure of monomer is obtained by full geometry
optimizations at the PM3 calculation level after exten-
sive molecular mechanic calculations. Although it is
Figure 1. Mass spectra (a–d) of GGDPG obtained from various
instruments. (a) Mass spectrum obtained with the use of a
quadrupolar ion trap mass spectrometer equipped with an elec-
trospray source. (b) Mass spectrum obtained from 7 tesla FT-ICR
mass spectrometer operated with Cs ion FAB source. (c) Mass
spectrum obtained from 7 tesla FT-ICR mass spectrometer
equipped with a conventional electrospray source. (d) Mass spec-
trum obtained from 7 tesla FT-ICR mass spectrometer equipped
with a nanoelectrospray source. With the use of “cluster condi-
tions” as described in the text, the aggregates of singly protonated
GGDPG are observed to form. The small peaks denoted by an
asterisk are because of the z-axis motion of the ions. Such peaks
are commonly observed in our instrument with small numbers of
ions under conditions of high mass resolution. (e) Mass spectrum
of a mixture of GGDPG and GGEPG obtained from 7 tesla FT-ICR
mass spectrometer equipped with a nanoelectrospray source.
Heteroaggregates ([GGDPG 1 GGEPG 1 2H]21) are also ob-
served to form in the gas phase along with monoaggregates.
Figure 2. Mass spectra from 7 tesla FT-ICR mass spectrometer
(operated with “cluster conditions”) of mixtures of GGDPG–
GGEPG–Gly6 (a) and GGDPG–GGEPG–Ala6 (b). Both Gly6 and
Ala6 are observed to form heteroaggregates with GGDPG and
GGEPG. No homoaggregates of Gly6 and Ala6 are observed.
Structure 1.
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difficult to quantify exactly, semiempirical calculations
indicate a significant energy barrier that the aggregates
overcome to separate into monomers, with the overall
dissociation process being exothermic by 7.3 kcal/mol.
The coulomb repulsion between the charge sites is
principally responsible for the reaction being exother-
mic, and is estimated to be 35 kcal/mol when the
dielectric constant is set to 1 [19]. We note that the
barrier should be significantly less than shown in Fig-
ure 3, considering that intramolecular solvation of the
protonated amino groups in each monomer develops
concurrently as intermolecular hydrogen bonds are
ruptured. Measurement of kinetic energy release for
aggregate dissociation would be of interest.
Figure 4a shows another example of monoaggregates
for protonated VEPIPY. Mass spectrum in the inset
clearly displays a significant 13C isotope peak at 0.5 m/z
higher, indicating the peak at 717 m/z is a composite
peak of singly protonated VEPIPY and its homoaggre-
gate. Figure 4b, c are the deconvoluted mass spectra for
singly protonated VEPIPY and the doubly protonated
dimer, respectively. Figure 4d shows theoretical com-
posite mass spectrum of the two ions, which has an
isotope distribution close to the experimental result
shown in the inset of Figure 4a. From this, the
aggregate is calculated to be about 35% of the total
peptide ions.
Conclusions
Mass spectrometric evidence for the formation of ag-
gregates of singly protonated peptides in the gas phase
have been observed using FT-ICR equipped with a
nanoelectrospray ion source. Appropriate operation of
the ESI source facilitates the formation of weakly bound
aggregates with abundances as high as 35% of the total
peptide ions. It is noted that aggregate formation de-
pends on specific hydrogen bonding capabilities of the
peptides. Because they may interfere with studies of gas
phase peptide ion chemistry, prudence dictates that
their presence and abundance be determined. In addi-
tion, we anticipate that the conditions under which they
are observed will be ideal for future studies of nonco-
valent interactions of peptides in solution and in the gas
phase, being planned in our laboratory.
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